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Abstract. The impact of projected 21st century climate con-
ditions on streamﬂow in the Upper Colorado River Basin was
estimated using a multi-model ensemble approach wherein
the downscaled outputs of 112 future climate projections
from 16 global climate models (GCMs) were used to drive
a macroscale hydrology model. By the middle of the cen-
tury, the impacts on streamﬂow range, over the entire ensem-
ble, from a decrease of approximately 30% to an increase of
approximately the same magnitude. Although prior studies
and associated media coverage have focused heavily on the
likelihood of a drier future for the Colorado River Basin, ap-
proximately 25 to 35% of the ensemble of runs, by 2099 and
2039, respectively, result in no change or increases in stream-
ﬂow. The broad range of projected impacts is primarily the
result of uncertainty in projections of future precipitation,
and a relatively small part of the variability of precipitation
across the projections can be attributed to the effect of emis-
sions pathways. The simulated evolution of future tempera-
ture is strongly inﬂuenced by emissions, but temperature has
a smaller inﬂuence than precipitation on ﬂow. Period change
statistics (i.e., the change in ﬂow from one 30-yr period to
another) vary as much within a model ensemble as between
models and emissions pathways. Even by the end of the cur-
rent century, the variability across the projections is much
greater than changes in the ensemble mean. The relatively
large ensemble analysis described herein provides perspec-
tive on earlier studies that have used fewer scenarios, and
suggests that impact analyses relying on one or a few cli-
mate scenarios are unacceptably inﬂuenced by the choice of
projections.
1 Introduction
The US Secretary of the Interior, acting through the Bureau
of Reclamation (Reclamation), is responsible for the oper-
ation of eight major water storage reservoirs on the Col-
orado River and its upper tributaries, including Glen Canyon
Dam and Hoover Dam. The Boulder Canyon Project Act
of 1928 designated the Secretary as water master, respon-
sible for distributing all Colorado River water below Hoover
Dam in conformance with federal law, water delivery con-
tracts and the international agreement with Mexico. Through
operation of federal facilities and administration of water
deliveries, Reclamation contributes to the management of
water supplies for more than 30million people and nearly
4million acres of agricultural land. Reclamation is continu-
ouslyconductinglong-andshort-termwaterresourcesanaly-
ses to support planning and operations in the Colorado River
Basin. In January 2010, Reclamation initiated the Colorado
River Basin Water Supply and Demand Study (Reclamation,
2011a), which is being conducted with water management
agencies representing the seven Colorado River Basin states
(Arizona, California, Colorado, Nevada, New Mexico, Utah
and Wyoming.) The work described in this paper was con-
ducted in support of the study.
Hydrology and climate change in the Colorado River
Basin
An extensive record of streamﬂows and reconstructed natu-
ral ﬂows exists in the Colorado River Basin, but the value
of that record as the sole basis for estimating future condi-
tions has come into question because of the prospect that
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anthropogenic climate change will change the mean and vari-
ability of streamﬂows and evapotranspiration (Milly et al.,
2008). Global climate model (GCM) projections of future
climateoveramulti-decadaltimeframeindicatethattheCol-
orado River Basin will become warmer. Projections of future
precipitation are more complex, with the multi-model aver-
age of projections showing little change in annual precipita-
tioninthewater-producingregionsofthebasin,butgenerally
showing a seasonal shift in the temporal pattern of precipita-
tion. Changes in temperature and precipitation will inﬂuence
hydrologic processes on the land surface, which in turn will
cause changes in streamﬂows (Hayhoe et al., 2004; Barnett
et al., 2005; Maurer, 2007) but the magnitude and the sign of
these changes is uncertain.
The hydroclimatic heterogeneity of the Colorado River
Basin complicates understanding its hydrology and hydro-
logic response to projected changes in climate. The latitude
of the water-producing regions in the basin lies at the north-
ern boundary of the area in the American Southwest in which
earlier studies have projected declines in precipitation and
runoff (Milly et al., 2005; Seager et al., 2007; Seager and
Vecchi, 2010). To the north of this boundary, in contrast,
studies have tended to predict increases in rainfall and runoff.
If the future boundary instead falls south of the Colorado
River Basin headwaters (water producing regions), stream-
ﬂows in the Upper Colorado River Basin will be reduced less
than projected, or may increase. Given the large uncertainty
over future climate evolution at the scale of this transition
zone, advances in climate science (perhaps including higher-
resolution earth system models) will be required before these
consequences can be projected with much conﬁdence (Sea-
ger and Vecchi, 2010). The topography of the basin also in-
ﬂuences the interaction between climate and hydrology – the
majority of precipitation in the basin falls in a very small
fraction of its area (Reclamation, 2011b), mostly in the form
of snow that is stored over seasonal time scales. Snow ac-
cumulation and ablation are the most signiﬁcant processes
affecting the timing of streamﬂow generation in the basin,
and the dynamics of the snow cycle will be signiﬁcantly im-
pacted by rising temperatures regardless of changes in pre-
cipitation. Our comprehension of variations in snow abla-
tion is currently grappling with quantifying uncertainties due
to sporadic deposition of dust on the surface of the snow-
pack, which accelerates snowmelt and affects basin runoff
efﬁciency (Painter et al., 2007, 2010). The diversity of topog-
raphy in the basin is another complicating factor. Outside of
the cold, high-elevation areas, evapotranspiration is the dom-
inant process affecting the water budget. Basin efﬁciencies
(outﬂows divided by precipitation) range from about 30%
for sub-basins at higher average elevations to virtually zero
in lower-elevation sub-basins (Reclamation, 2011b). The av-
erage runoff efﬁciency of the entire basin is approximately
15%. These factors, among others, contribute to the difﬁ-
culty of quantifying and simulating the hydrology and hy-
drologic sensitivity of the basin to climate forcings.
Studies of the impact of climate change on the hydrology
of the basin began about 30yr ago. Early, scenario-based
assessments of the regional impact of climate change indi-
cated that a warming climate would likely lead to stream-
ﬂow reductions of 30% or more in the Colorado River Basin
(Stockton and Boggess, 1979; Revelle and Waggoner, 1983).
Recent regional-scale analyses based on the GCM outputs
also promoted an unequivocal consensus that the southwest-
ern United States would become drier. Milly et al. (2005)
evaluated projected change in runoff simulated by GCMs.
Seager et al. (2007) and Seager and Vecchi (2010) inferred
changes in runoff from changes in atmospheric transport of
moisture simulated by GCMs. Seager and Vecchi (2010) an-
alyze precipitation minus evaporation (P −E) as a proxy
for runoff in southwestern North America, which extends
from the high plains to the Paciﬁc Ocean and from the lat-
itude of the Oregon-California border to southern Mexico.
They project that the region will dry in the coming century,
largely driven by a decline in winter precipitation caused by a
pole-ward shift of the winter Paciﬁc storm track. In contrast,
the Reclamation Study found that the ensemble of down-
scaled climate projections trends toward increases in winter-
time precipitation for sub-basins in the Colorado River Basin
above Lees Ferry (Reclamation, 2011b, Appendix B7).
Studies that utilized hydrologic models to translate pro-
jections of temperature and precipitation from climate mod-
els into streamﬂows show more equivocal results than the
large-scale studies based on GCM atmospheric output ﬁelds.
Nash and Gleick (1991) used a conceptual hydrologic model
to evaluate the effect on Colorado River ﬂow at Lees Ferry,
AZ (a major stream gage just above the bottom of the Upper
Colorado River Basin; see Fig. 1), of changes in precipita-
tion and temperature in several constructed scenarios and as
projected by four global climate models (GCMs). Three of
the four GCM projections led to decreases in streamﬂow (as
much as 24%) while the impact from the fourth projection
was to leave streamﬂow virtually unchanged. When evalu-
ating impact on smaller basins within the Upper Colorado
River Basin using a second hydrologic model, Nash and Gle-
ick found that higher-elevation basins might be more likely
to respond to some projections of future climate with an in-
crease in ﬂow. As in many studies of climate change impacts
in the western US, all of the scenarios and projections indi-
cated that peak runoff would occur earlier in the year.
Christensen et al. (2004; hereafter C04) used an ensem-
ble of three projections of future climate from a single
GCM based on the “business as usual” emissions path-
way. These projections were statistically downscaled into
1/8-th degree, daily forcings using the bias corrected and
spatial-disaggregation (BCSD) method outlined in Wood et
al. (2002, 2004) (hereafter W02-04) and were subsequently
translated into streamﬂows using the Variable Inﬁltration Ca-
pacity (VIC) hydrology model (Liang et al., 1994, 1996).
Projected climate in that study exhibited reductions in pre-
cipitation and increases in temperature, leading to reductions
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Id Location
1 Colorado River at Glenwood Springs, CO
2 Colorado River near Cameo, CO
3 Taylor River below Taylor Park Reservoir, CO
4 Gunnison River at Blue Mesa Reservoir, CO
5 Gunnison RIver at Crystal Reseroir, CO
6 Gunnison River near Grand Junction, CO
7 Dolores River near Cisco, UT
8 Colorado River near Cisco, UT
9 Green River below Fontenelle Reservoir, WY
10 Green River near Green River, WY
11 Green River near Greendale, UT
12 Yampa River near Maybell, CO
13 Little Snake River near Lily, CO
14 Duchesne River near Randlett, UT
15 White River near Watson, UT
16 Green River at Green River, UT
17 San Rafael RIver near Green River, UT
18 San Juan River near Archuletta, NM
19 San Juan River near Bluff, UT
20  Colorado River at Lees Ferry, AZ
Fig. 1. Colorado River Basin and CRSS inﬂow points above Lees Ferry, Arizona.
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in annual runoff at Imperial Dam, near the bottom of the Col-
orado River Basin, of 17% over the period 2070–2098. The
more detailed spatial and process land surface representation
of C04 indicated that the sensitivity of the Colorado River
Basin to changes in precipitation was roughly twice what had
been indicated by Nash and Gleick, but conﬁrmed the earlier
conclusion that peak runoff would occur earlier in the year.
Using the same technique as C04 but expanding the range
of climate projections to the ensemble described in Mau-
rer (2007), and updating the hydrology model calibration to
that used in Wood and Lettenmaier (2006), Christensen and
Lettenmaier (2007; hereafter CL07) used 22 climate projec-
tions from 11 GCMs and two emissions pathways (A2 and
B1; Nakicenovic et al., 2000) to assess climate impacts on
hydrology and water resources in the Colorado River Basin.
With a larger number of projections came a larger range of
projected changes in ﬂow at Imperial Dam ranging from an
increase (ﬁve projections) of as much as 23% to a decrease
(seventeen projections) of as much as 36% for both emis-
sions pathways for the period 2070–2099.
The prior studies also show that the range of uncertainty
in the future ﬂow projections has increased with increasing
numbers of projections evaluated. This observation is the
primary motivation for this paper. Using a larger ensemble
of projections than those featured in prior studies, we ex-
plore the relative contributions of uncertainty between dif-
ferent emissions pathways, ensemble members and climate
models, across several periods of the 21st century. This ef-
fort does not describe in detail the ﬁndings of the overall
climate change impact assessment study because they have
been reported in Reclamation (2011b). Instead, we focus on
results for the Colorado River at Lees Ferry, AZ, and contrast
the full-ensemble results with those of earlier studies. Our in-
tent is to provide insight for the impact assessment commu-
nity into the consequences of model, ensemble and pathway
choice for studies of this nature.
2 Methods
The impact assessment approach used in Reclama-
tion (2011b) followed that of C04, CL07 and other re-
cent GCM-based, multi-model hydrology studies of the last
decade. In brief, an ensemble of downscaled and bias-
corrected climate projections was used to force a distributed,
macro-scale hydrology model which generated estimates of
runoff and other hydrology variables. The projections of fu-
ture climate were produced by 16 GCMs forced by IPCC
Special Report on Emissions Scenarios (SRES; Nakicenovic
et al., 2000) emission pathways B1, A1B and A2. Simu-
lated runoff was routed to 20 streamﬂow locations within the
Upper Colorado River Basin, including the Lees Ferry lo-
cation. The Reclamation (2011b) work differed from CL07
primarily by using a much larger ensemble of projections
(112 versus 22; including 21 of the CL07 projections). Other
differences included using a slightly longer baseline period
of natural ﬂows and historical weather (56yr versus 50yr),
using a slightly different method to disaggregate monthly
projections to a daily time step, encompassing a smaller
geographic scope (the Upper Colorado River Basin ver-
sus the entire Colorado River Basin), and omitting analy-
sis of consequent water resources impacts in the basin. This
section describes the ﬂow and meteorological datasets in-
volved (Sect. 2.1) and the hydrology model and its calibra-
tion (Sect. 2.2).
2.1 Data
2.1.1 Historical natural ﬂows
Natural ﬂow represents ﬂow that would have occurred at the
location had historical depletions and reservoir regulation
not been present. Reclamation developed natural ﬂows for
29 locations required by the Colorado River Simulation Sys-
tem (CRSS), a water resources management model used by
Reclamation for long-term planning studies (see Prairie and
Callejo, 2005). Monthly incremental natural ﬂows at 20 loca-
tions upstream of Lees Ferry (see Fig. 1) were obtained from
Reclamation(2009)and,followingtheCRSSapproach,were
summed to obtain the total Lees Ferry natural ﬂow.
2.1.2 Historical daily meteorology
A daily meteorological climatology that includes precipita-
tion,maximumtemperature,minimumtemperatureandwind
speed for the period from 1949 through 2005, developed as
described in Maurer et al. (2002), formed the historical cli-
matology and forcing dataset used in this study. The data are
aligned spatially to match the NOAA/NASA Land Data As-
similation System (LDAS; Mitchell et al., 2004) grid, which
has a spatial resolution of 1/8-th degree latitude by longi-
tude and covers a domain from 25◦ N to 53◦ N and 67◦ W to
125◦ W, which includes the continental United States as well
as part of Canada and Mexico.
2.1.3 Simulated historical and projected climate
Simulated monthly average precipitation and monthly av-
erage temperature projections spanning the period 1950
through 2099 were obtained from the Bias Corrected and
Downscaled WCRP CMIP3 Climate Projections website
(WCRP, 2009; http://gdo-dcp.ucllnl.org/). At the time of this
study, the archive contained 112 projections of monthly tem-
perature and precipitation, aligned spatially with the LDAS
grid, with each projection consisting of an overlap period
of 1950 through 1999 and a projection period of 2000
through 2099. These projections come from 16 GCMs and
three SRES (Special Report on Emissions Scenarios) emis-
sions pathways as shown in Table 1. The emissions pathway
columns indicate the number of realizations that were avail-
able for each GCM.
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Table 1. Downscaled WCRP CMIP3 GCMs and emissions pathways.
Emissions
pathway
Modeling group, country IPCC model I.D. A2 A1b B1
1 Bjerknes Centre for Climate Research BCCR-BCM2.0 1 1 1
2 Canadian Centre for Climate Modelling and Analysis CGCM3.1 (T47) 5 5 5
3 M´ et´ eo-France/Centre National de Recherches M´ et´ eorologiques, France CNRM-CM3 1 1 1
4 CSIRO Atmospheric Research, Australia CSIRO-Mk3.0 1 1 1
5 US Dept. of Commerce/NOAA/Geophysical Fluid Dynamics Laboratory, USA GFDL-CM2.0 1 1 1
6 US Dept. of Commerce/NOAA/Geophysical Fluid Dynamics Laboratory, USA GFDL-CM2.1 1 1 1
7 NASA/Goddard Institute for Space Studies, USA GISS-ER 1 2 1
8 Institute for Numerical Mathematics, Russia INM-CM3.0 1 1 1
9 Institut Pierre Simon Laplace, France IPSL-CM4 1 1 1
10 Center for Climate System Research (The University of Tokyo), National Institute MIROC3.2 (medres) for 3 3 3
Environmental Studies, and Frontier Research Center for Global Change (JAMSTEC), Japan
11 Meteorological Institute of the University of Bonn, Meteorological Research Institute of KMA ECHO-G 3 3 3
12 Max Planck Institute for Meteorology, Germany ECHAM5/MPI-OM 3 3 3
13 Meteorological Research Institute, Japan MRI-CGCM2.3.2 5 5 5
14 National Center for Atmospheric Research, USA PCM 4 6 7
15 National Center for Atmospheric Research, USA CCSM3 4 4 2
16 Hadley Centre for Climate Prediction and Research/Met Ofﬁce, UK UKMO-HadCM3 1 1 1
The monthly climate datasets were produced using the
statistical bias-correction and spatial disaggregation (BCSD)
method described in W02-04. The method was ﬁrst imple-
mented for downscaling general circulation model seasonal
climate predictions to support hydrologic forecasting (W02;
Wood et al., 2005; Wood and Lettenmaier, 2006) and adapted
for downscaling future climate scenario model output (W04;
also C04; Van Rheenen et al., 2004; Payne et al., 2004). The
BCSD method has since been employed in a number of more
recent climate change impact analyses, in regions such as the
western US (CL07; Barnett et al., 2008; Maurer, 2007), the
continental US (Maurer et al., 2002; Maurer and Hidalgo,
2008), and Central America (Maurer et al., 2009) among
other locations.
In brief, the BCSD approach involves three steps: (1) bias-
correction affects a quantile-mapping adjustment of monthly
climate-model-scale precipitation and temperature outputs, a
step which aligns the monthly climatologies of the climate
model variables during a historical period (e.g., 1950–1999)
with an observed climatology for the same period and spa-
tial scale; (2) spatial-disaggregation from the climate-model
scale to the ﬁne scale is accomplished by applying the in-
terpolated bias-corrected variable anomalies from the coarse
scale to a ﬁne scale climatology, using multiplicative anoma-
lies for precipitation and additive anomalies for temperature;
and (3) temporal disaggregation from monthly to a ﬁner time
step(e.g.,daily)viaaresamplingandadjustmentofhistorical
weather patterns from the hydrology model forcing climatol-
ogy. This development of the monthly-scale scenarios is de-
tailed in Maurer et al. (2007b). The ﬁnal disaggregation step
differed in some regards from the original W02-04 studies,
instead following the Maurer et al. (2007b) implementation.
A more detailed discussion of the resampling and disaggre-
gation is provided in Appendix A.
2.1.4 BCSD downscaling considerations
The BCSD downscaling approach has been found in prior
studies (such as those referenced above) to be generally suc-
cessful in translating monthly scale climate signals from the
GCM output to the ﬁne resolution at the monthly scale. W02
showed that using BCSD to downscale retrospective monthly
climate-model-scale observed precipitation and temperature
ﬁelds reproduced the monthly mean and variance of hy-
drologic simulations (for the Ohio River Basin). For water
resources-oriented studies that involve monthly and coarser
time scale analyses of hydrologic changes resulting from
warming and moisture changes, BCSD has provided many
useful insights. The BCSD approach of W02-04 is not ade-
quate for every type of climate change study, however. The
approach is not suitable for certain studies in which changes
in sub-monthly (e.g., daily) meteorological quantities are im-
portant (e.g., assessing changes in extreme precipitation or
changes in temperature extrema). Also, the BCSD approach
may perform poorly where daily meteorological climatolo-
gies are highly skewed or exhibit threshold behavior. For
example, in the US Southwest, the intermittency and result-
ing skewness of precipitation can lead in BCSD to patho-
logical combinations of sample and monthly scaling factors
that produce unrealistically high daily values – a difﬁculty
that is less pronounced in rainier climates. Adaptations such
as sample substitution described in W02-04 were developed
to ameliorate these difﬁculties, but they are not a compre-
hensive solution. Other approaches such as constructed ana-
logues (compared with BCSD in Maurer and Hidalgo, 2008)
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may be more appropriate in such hydroclimatic regimes. Fi-
nally, climate model sequences may not be realistic, which
undermines the utility of BCSD and other downscaling ap-
proaches that do not modify this climate characteristic.
2.2 Hydrology model
2.2.1 Description
The daily disaggregated projections were used to force a hy-
drology model of the Upper Colorado River Basin imple-
mented using the Variable Inﬁltration Capacity (VIC) Model
(Liang et al., 1994, 1996). The VIC model is a distributed
(gridded) macro-scale (regional-scale) physical hydrology
model that simulates the water balance around each grid cell.
VIC produces a time series of runoff, baseﬂow, evapotran-
spiration, soil moisture, and snow water equivalent for each
grid cell. Following completion of simulation of the full forc-
ing period, the runoffs from all of the grid cells in the model
are routed to points of interest (Lohmann et al., 1998a). Dis-
tinguishing characteristics of the VIC model are described
at length elsewhere (e.g., Nijssen et al., 2001; Wood et al.,
1992).
VIC has several applications to climate change studies in
basins around the world (Wood et al., 1992; Liang et al.,
1996; Lohmann et al., 1998a,b). The VIC model has been
used to support assessments of the impact of climate change
in many river basins in the western United States, including
California’s Central Valley (Van Rheenan et al., 2004; Mau-
rer et al., 2007b; Anderson et al., 2008; Reclamation, 2008),
the Colorado River Basin (C04, CL07) and the Columbia-
Snake River Basin (Payne et al., 2004). VIC is considered
well adapted to application to the UCRB because it allows
for a relatively detailed representation of the land surface,
considering both the grid scale and sub-grid variability, and
because it has physically based models of snow dynamics
and evapotranspiration. These capabilities address many of
the complexities of the basin hydrology described above.
2.2.2 Model calibration
A VIC model is speciﬁed by a set of global parameters, op-
tions and variables and by reference to a set of gridded pa-
rameters and a set of gridded forcings. The most important of
the global parameters and options determine the number of
soil layers, the time step and the duration of the simulation,
and control the simulation approach. For this application, the
model was conﬁgured to represent three soil layers using a
daily time step at the 1/8-th degree resolution matching the
forcings and routing model. Each VIC grid cell is character-
ized with parameters describing vegetation and soil. A cali-
brated set of model parameters for the Colorado River Basin
used by C04, updated by Wood and Lettenmaier (2006) and
then used in CL07 was applied for this study. These param-
eters differed from the Maurer et al. (2002) speciﬁcations
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Fig. 2. Comparison of simulated and observed annual stream-
ﬂow for the Colorado River at Lees Ferry, AZ. (a) Time series,
(b) monthly hydrographs, and (c) ECDFs. BCM is billion (109)m3.
mainly as a result of calibration, and by the inclusion of av-
erage July air temperatures required to implement a condi-
tion removing canopy vegetation above tree line elevations.
Documentation regarding the VIC parameters and the tree
line adjustment is given at the VIC model website (http:
//www.hydro.washington.edu/Lettenmaier/Models/VIC/).
The VIC model provided a good ﬁt between simulated
and historical natural ﬂows for gage locations covering large
basinareassuchastheColoradoRiverattheLeesFerrygage.
The duration of the simulation (i.e., 1950–2099) and the ini-
tial value of soil moisture in the simulation were the only
modiﬁcations to the prior parameter sets. Here, soil moisture
values were initialized using the average simulated values for
1970 through 1999. The calibrated VIC model reproduced
annual average ﬂow volumes at Lees Ferry with a bias of ap-
proximately 4%, a coefﬁcient of determination of 0.92 and
a Nash-Sutcliffe efﬁciency of 0.91. The model, on average,
tended to simulate slightly earlier runoff and slightly lower
peakmonthlyﬂowscomparedtohistoricalnaturalﬂows.Fig-
ure 2a shows that the model bias appears to be concentrated
in a few relatively wet years following dry years. Figure 2b
shows that the model exhibits a wet bias prior to June and
a dry bias in July, August and September. Figure 2c, show-
ing the empirical cumulative distribution function (ECDF) of
the streamﬂows, shows that the model is relatively unbiased
between about the 40th percentile and the 75th percentile of
ﬂows, and generally shows a positive bias outside that range.
Figure 2c also indicates that the model over-simulates the
highest values.
The simulation results of Fig. 2 cannot be compared di-
rectly with those reported in C04 because C04 did not report
results at Lees Ferry. Although the details of the monthly
hydrograph in Fig. 2 differ slightly from the hydrograph at
Hydrol. Earth Syst. Sci., 16, 3989–4007, 2012 www.hydrol-earth-syst-sci.net/16/3989/2012/B. L. Harding et al.: The implications of climate change scenario selection for future streamﬂow projection 3995
0.0
0.2
0.4
0.6
0.8
1.0
P
r
o
b
a
b
i
l
i
t
y
4 5 6 7 8
oCelsius
(a) Temperature
Model Mean
Obs Mean
0.0
0.2
0.4
0.6
0.8
1.0
P
r
o
b
a
b
i
l
i
t
y
60 80 100 120 140 160 180
BCM
(b) Precipitation
Fig. 3. ECDFs of annual average temperature and total precipitation
averaged over the Upper Colorado River Basin above Lees Ferry,
Arizona for the period 1950–1999. The downscaled forcing ensem-
ble from 112 GCM projections (light blue), and their mean, is com-
paredwithobserved(a)temperatureand(b)precipitationcalculated
from the Maurer et al. (2002) dataset.
Imperial Dam, AZ, reported in C04, the quality of calibra-
tion in the two studies appears similar. Possible reasons for
the differences include the following: (a) the modeling re-
ported herein used version 4.0.7 of the VIC model, whereas
C04 used versions 4.0.3 and 4.0.4; (b) the calibration and
validation periods varied, with this work evaluating statistics
over the period 1950–2005 while C04 used a shorter period;
and (c) the difference in reporting locations.
3 Results and discussion
In this section, we present results from the climate change
impact assessment for the Colorado River at the Lees Ferry,
AZ gage, and refer the reader to a wider range of results
andanalysesinReclamation(2011b).Thesingle-gageresults
also serve to illustrate characteristics of the uncertainty in the
analysis.
3.1 Downscaled climate, past and future
As noted earlier, the model forcings derived from 112 cli-
mate projections are bias-corrected so that their monthly cli-
matologies are consistent with historical forcing climatolo-
gies. This property is assessed in Reclamation (2011b), and
we evaluate (Fig. 3) the consistency of the resulting em-
pirical cumulative distribution functions (ECDFs) of annual
total precipitation and annual average temperature for the
112 simulations of historical climate (GCM output over the
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Fig. 4. Projected evolution of climate in the Upper Colorado River
Basin above Lees Ferry, Arizona. Shown are 30-yr averages (trail-
ing) of climate for (a) temperature and (b) precipitation. Precipita-
tion is reported as the total volume falling in the basin.
overlap period, 1950 through 1999), relative to the histori-
cal forcing distribution to which they were downscaled. Al-
though the downscaled and historical annual climatologies
are similar, residual bias remains in the projected annual val-
ues. This result is due to the application of bias correction
on a monthly basis, without further adjustments to correct
annual biases that would result from different persistence be-
havior in historical and GCM anomalies, non-climatological
spatial GCM-scale climate patterns and other factors.
As prior studies have shown, the large ensemble of GCM
projections indicates that temperatures have generally been
increasing in the recent historical period and will continue to
do so, but future precipitation projections contain large un-
certainty. Figure 4 shows the evolution of projected temper-
ature and precipitation for the 112 downscaled projections,
averaged spatially over the drainage area of the Colorado
River above Lees Ferry, AZ, and temporally over trailing
30yr periods (for this reason the time series start in 1979).
The mean of all 112 projections and the mean of the histori-
cal values (from the forcing climatology) during the overlap
period from 1979 through 1999 are also shown. The color
separation of projection trajectories by emissions pathway
indicate that the A2 emissions pathways have a weak ten-
dency toward being drier and warmer late in the 21st century
than those from the other pathways.
Reclamation (2011c) reports that BCSD downscaled fu-
ture precipitation projections from the LLNL archive (which
are used here) exhibit a “relative wettening” in precipita-
tion changes from current climate, relative to those from the
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underlying (raw) CMIP3 GCM output from which they are
derived. By 2069, the difference affects approximately two-
thirds of model projections, reaches a maximum at about the
75th percentile and is greater in dryer areas than in wetter
areas. In the snow-producing regions of the Upper Colorado
River Basin, the wettening effect approaches approximately
a 2% maximum, but allocating the differences depicted in
Reclamation (2010c) to emphasize runoff-generating regions
and across the distribution of projections results in an ag-
gregate basin mean wettening effect of approximately 0.7%.
The effect results from the BCSD quantile-mapping ap-
proach, and may be a realistic result of mapping projected
precipitation between GCM distributions and observed dis-
tributions (generally a transform from a more normal distri-
bution to a more skewed distribution). The hydrologic impli-
cations of this difference are discussed in Sect. 4.3.
3.2 Downscaled streamﬂow, past and future
Ideally, the simulated ﬂow climatology driven by the down-
scaled GCM-based forcings during the historical period
should be consistent with the historical ﬂow climatology
driven by historical forcings. Figure 5 compares the ECDFs
of annual streamﬂows at Lees Ferry, Arizona, for the his-
torical 1950–1999 period from all 112 GCM-based simula-
tions to the observation-based natural ﬂows and the model-
simulated historical ﬂows.
The GCM-based ﬂow ensemble for the historical period
shows a dry bias above the 40th percentile relative to the
observation-based natural ﬂows and a larger dry bias relative
to the simulated historical ﬂows. Neither the GCM-based an-
nual precipitation nor temperature exhibited biases in direc-
tionsconsistentwiththisﬂowbias(i.e.,drierand/orwarmer);
thus the lower GCM-based ﬂows result from some other as-
pect of the projections. As noted earlier, the bias likely re-
sults from either the seasonal pattern, spatial pattern, the
inter-annual sequence of precipitation and temperature, or
some combination of these factors. Relatively high ﬂow val-
ues in the Colorado River Basin follow from the sequencing
of multiple months of anomalous climate, having either high
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Fig. 6. (a) Simulated 30-yr average (trailing) streamﬂows of the
ColoradoRiveratLeesFerry,AZ,1979through2099.(b)Themean
monthly average streamﬂows for the three future projection periods,
compared with the historical 30-yr period ﬂow ending in 1999.
precipitation or cold temperatures, often in combination, and
such multivariate, temporal (and possibly spatial) structure
may be poorly represented in a GCM’s climate system. Re-
arranging the baseline climate data in a sequence similar to
that simulated by a GCM has been shown to introduce a dry
bias (Joe Barsugli, personal communication, 2010).
The hydrologic consequences of the projected climate
changes are illustrated in Fig. 6, in which Fig. 6a depicts
the projected evolution of 30-yr mean streamﬂow at Lees
Ferry, Arizona, for all 112 projections. The mean of all pro-
jections and the observed natural ﬂows are also shown. For
clarity, the ﬂows simulated using the hydrology model forced
by the historical climate from Maurer et al. (2002) are omit-
ted, as the difference between the 30-yr mean values of the
two sets of ﬂows is slight. The streamﬂow projection aver-
age shows a slight downward trend (reaching −8% by the
end of the century) that is enveloped by broad uncertainty.
Consistent with the forcing projections, the largest declines
are associated with the A2 emissions pathway, though this
ensemble feature is not prominent until the ﬁnal decades of
the century. The signature of warming effects on western US
snowmelt-dominated streamﬂow is clearly present: namely,
the mean monthly hydrograph in Fig. 6b shows a mean shift
in peak runoff toward earlier in the year and a small decrease
in annual volume that grows progressively larger during the
21st century.
Using the entire ensemble of projections, an analysis of
cross-correlations between average streamﬂow, precipitation
and temperature changes for three future 30-year periods in-
dicates that streamﬂow changes are almost entirely linked
to precipitation changes (e.g., with correlation values greater
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Table 2. Cross-correlations of average projected streamﬂow, precipitation and temperature for one historical and three future 30-yr periods.
Simulation period
Cross-correlation between 1970–1999 2010–2039 2040–2069 2070–2099
Streamﬂow and precipitation 0.91 0.95 0.95 0.94
Streamﬂow and precipitation after removal of temperature inﬂuence 0.91 0.96 0.95 0.93
Streamﬂow and temperature −0.19 −0.47 −0.51 −0.60
Streamﬂow and temperature after removal of precipitation inﬂuence −0.21 −0.63 −0.51 −0.45
Precipitation and temperature −0.11 −0.27 −0.36 −0.49
than 0.9). The partial cross-correlations (i.e., from correlat-
ing residuals from each variable’s linear regressions on tem-
perature) are nearly identical (Table 2) to the full correla-
tions. The full and partial correlations of streamﬂow with
temperaturearenegativeandmoderate,indicatingthathigher
temperature alone draws the system toward lower ﬂows.
The strengthening relationship between projected tempera-
ture and precipitation throughout the 21st century may indi-
cate a linkage between the two variables in the climate sys-
tem, but is not investigated here.
3.3 Uncertainty in projections of climate and
streamﬂow
The large ensemble assessed in this study offers an oppor-
tunity to evaluate the wide variation (hence uncertainty) in
results shown in Fig. 6a across the spectrum of the available
projections. Of particular interest are the relative changes de-
rived from the different projections (e.g., future climate rela-
tive to a control or historical climate baseline). In this study,
relative change is calculated for each projection separately
and reported as a percent difference in the mean ﬂow of the
future 30-yr period relative to the projection’s historical 30-
yr period mean ﬂow (for 1970–1999). Note that the baseline
for each projection is not the observed or simulated historical
ﬂow (i.e., forced with observations), but the downscaled sim-
ulated historical ﬂow for the same projection, a choice that
avoids including biases or statistical artifacts of the down-
scaling in the relative change calculation.
Figure 7a shows the ECDF of the changes for the 30-yr
periods ending in 2039, 2069 and 2099, and Table 3 summa-
rizes statistics describing the mean and spread of each dis-
tribution of differences. For each choice of emissions path-
way or future period, the range of projected changes is large
(±30%). This range is a result of uncertainty derived from
model choice and ensemble member variability, and is far
larger than the uncertainty arising from the choice of analy-
sisperiod.Figure7bshowstheempiricaldistributionsofpro-
jected changes separately for each SRES emissions pathway.
Below the 40th percentile, the difference in ﬂow changes
between pathways is larger than the differences across fu-
ture periods (Fig. 7a) – i.e., about ±10% – but still small
compared to the standard deviation of the ensemble for each
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Fig. 7. (a) Distribution of projected changes in average streamﬂow
for 30-yr periods ending in 2039, 2069 and 2099, relative to sim-
ulated historical (1970–1999) average ﬂow from each downscaled
projection. Positive values are ﬂow increases. (b) Distribution of
projected relative ﬂow changes for 2070–2099 for each SRES emis-
sions pathway.
emissions pathway. The A2 projections produce the largest
decreases and smallest increases of the three emissions path-
ways, as illustrated in Fig. 6a. Figure 7 also shows that ap-
proximately one-quarter to one-third of the projections sug-
gest no change in runoff or a wetter future for Colorado River
ﬂow(by2099and2039,respectively).Ifthe“relativewetten-
ing” effect (Reclamation, 2011c) described earlier (0.7%) is
removed from these results by using an estimated precipita-
tion elasticity of streamﬂow for the Lees Ferry streamﬂow
of 2.5 (see Sankarasubramanian et al., 2001), the resulting
1.7% drying of ﬂow changes reduces the fraction of future
projections of Colorado River at Lees Ferry ﬂows that are
wetter by 2069 from slightly less than 30% to approximately
20%.
The contributions and signiﬁcance of different uncertain-
ties illustrated in Fig. 7 can be quantiﬁed in various ways.
It is worth observing that the largest difference between the
median projected runoff changes of different periods and of
different emissions pathways are about 4 and 3%, respec-
tively, whereas the smallest standard deviation of projected
changes for each period and emissions pathway are 12 and
14%, respectively (Table 3). Given the substantial uncertain-
ties contributed by internal model variability, GCM choice,
and possibly other factors, illustrated in Fig. 7a, can even the
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Table 3. Average projected percent change in streamﬂow for 30-yr periods ending in 2039, 2069 and 2099, and for different SRES emissions
pathways for the latter period, calculated for different percentiles and statistics of the ensemble distribution. Positive values are ﬂow increases,
in percent.
Projection period Emissions pathway,
2070–2099 period
2010–2039 2040–2069 2070–2099 B1 A1B A2
maximum 19 27 34 23 34 21
90% 10 12 14 2 20 13
75% 4 1 1 0 1 1
50% −4 −8 −6 −4 −6 −7
25% −14 −15 −19 −14 −21 −27
10% −20 −25 −29 −23 −29 −35
minimum −34 −34 −41 −36 −33 −41
mean −4.7 −6.9 −7.6 −5.3 −7.1 −10.6
std. dev. 12.0 13.8 16.0 16.7 17.2 14.0
largest ensemble quantify a change signal with conﬁdence?
Deser et al. (2012) used a t-test approach on a large num-
ber of ensembles sampled from 40 runs of a single climate
modeltoestimatewhetherfutureensemblemeanchangesare
signiﬁcantly different from zero in the context of ensemble
uncertainty. The study found that relatively large ensembles
(i.e., dozens) of runs from one model were necessary to cal-
culateastatisticallysigniﬁcantfuturechangeuntilthemiddle
ofthecentury.FollowingDeseretal.(2012),weestimatesta-
tistical signiﬁcance of the projected 30-yr mean ﬂow changes
for the 112 member multi-model ensemble at 2039, 2069
and 2099. All three changes were statistically signiﬁcant at
p=0.05. A Welch’s t-test (for comparing samples unequal
in size and variance, using the Welch-Satterthwaite equation
for degrees of freedom) indicates that the emissions pathway
ﬂow changes are not signiﬁcant from each other at p=0.10
or higher at any time period. Note, because individual pro-
jections for runoff are relatively uncorrelated with other pro-
jections, they are treated as being independent within each
sample.
Alternatively, a two-way analysis-of-variance (ANOVA)
can assess the contributions of emissions pathway and pe-
riod to future streamﬂow changes by factoring 336 change
results from 3 periods each with 36 A2, 37 B1 and 39 A1B
(total 112) projections. ANOVA results generally support the
t-test results, ﬁnding that for runoff neither period nor emis-
sions pathways are signiﬁcant factors at p=0.05, but period
does barely achieve signiﬁcance at p=0.10. Also, neither
factor is signiﬁcant for precipitation, but both are signiﬁcant
well below p=0.05 for temperature. In this usage, however,
ANOVA assumptions are violated to the degree that the sam-
ple distributions depart from Gaussian and their variances are
not equal; thus it may be wise to consider the results judi-
ciously. It may also be arguable whether models are truly
independent given the sharing of physics components and
other characteristics (Pennell and Reichler, 2011). Further
evaluating whether the choice of model is a signiﬁcant ad-
ditional factor is undermined by small sample sizes (a min-
imum of 9, e.g., from 3 pathways and 3 periods, for GCMs
with one run) and even larger differences between sample
sizes and variances.
Table 1 shows that the numbers of runs contributed by the
GCMs are not equal; just seven of the models provide 75%
of the runs. Should planners be concerned about this unequal
weighting? We constructed one hundred 48-member projec-
tion ensembles by re-sampling the 112-member ensemble
such that each combination of GCM and emissions pathway
was represented by one run randomly selected from all of
the runs available for that combination in the 112-member
ensemble. This strategy weighted equally all of the GCMs
within each projection ensemble, and the resulting distribu-
tions were compared to the 112-member ensemble using the
Kolmogorov-Smirnov test. In 99 of 100 cases, the two distri-
butions were not signiﬁcantly different in the three future pe-
riods (with p-values for rejecting difference over 0.90). In the
remaining single case (for the 2039 period only), a difference
of the full and equally weighted distributions could not be
rejected at a p-value of 0.2. We ﬁnd that the arbitrary weight-
ing of models arising from the unequal ensemble members
for each model does not signiﬁcantly alter our ﬁndings.
The contrasting inﬂuences of GCM choice, emissions
pathway and future period on projected changes are illus-
trated further in Fig. 8, which shows the time evolution of 30-
yr average ﬂows for all runs of the 16 GCMs separately. The
substantial variation in ﬂow trends between models depicts
the strong dependence of the signal of the relative change
from present to future on the model or set of models se-
lected as a basis for analysis. For instance, the IPSL CM4
model produces slight upward trends in ﬂow until the middle
of the 21st century and downward trends thereafter, whereas
the MIUB ECHO G model produces progressively decreas-
ing ﬂows for nearly all ensemble members. The separation
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Fig. 8. Time evolution of projected 30-yr averages (trailing) of annual Colorado River streamﬂow at Lees Ferry, AZ. Projections are color-
coded by emissions pathway (see bottom right panel), with the exception of two runs that are highlighted for the NCAR PCM1 model (see
text).
of these results further by emissions pathway indicates that
the sensitivity of the models to the emissions pathway varies
widely between models as well. Figures 9 and 10 show the
corresponding time evolution of 30-yr average total precip-
itation and temperature, respectively. The notion that the
A2 pathways will produce a stronger change for any given
period than the more benign B1 pathways is evident for
streamﬂow and precipitation for only a few models, e.g., the
MIUB ECHO G model. While this notion arguably describes
future temperature projections, it cannot be extended to re-
gional precipitation or streamﬂow projections.
A signiﬁcant source of the large uncertainty in projected
relative changes in precipitation and streamﬂow is the varia-
tion in period and phase of simulated low-frequency (e.g.,
decadal) variability among GCMs. This ﬁnding is high-
lighted for the NCAR PCM1 model in the bottom right
panel of Figs. 8–10, which illustrates low-frequency phase
differences for two runs of the A1B emissions pathway. If
used to characterize trends for streamﬂow for the second
half of the 21st century, the two runs would represent the
end members of the distribution of trends during that pe-
riod for all projections shown in Fig. 8, despite being gen-
erated from the same model when forced with the same
emissions trajectory. Similarly, the four A2 pathway runs for
the MRI CGCM2 3 2A model span a range from −30 to
+30% at the mid-century. All of the model runs exhibit this
phase variation to varying degrees, which confounds inter-
pretation of the climate change impacts for any particular
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Fig. 9. Time evolution of projected 30-yr average (trailing) of total annual precipitation upstream of Lees Ferry, AZ. Projections are color-
coded by emissions pathway (see bottom right panel), with the exception of two runs that are highlighted for the NCAR PCM1 model (see
text).
future period, and particularly when a small subset of pro-
jections forms the basis of the analysis. The analysis and
illustration of the inﬂuence of internal model variability on
temporal features of GCM-based regional streamﬂow pro-
jections is analogous (and related) to the illustration of the
inﬂuence of model variability on spatial features of projected
climate in Deser et al. (2012; see Fig. 8 from that work).
Deser et al. (2012) are broadly supported by climate research
toward characterizing projection uncertainty (e.g., Hawkins
and Sutton, 2011) which understands that GCMs may accu-
rately simulate low-frequency variability but do not repro-
duce the observed phasing of this variability for the 20th and
21st century periods in CMIP3-style coupled model simula-
tions. The simulated low-frequency phase is largely random,
adding noise to projected trends or outcomes. This internal
model variability problem similarly undermines initialized
decadal predictions from climate models (e.g., Meehl et al.,
2009).
3.4 Comparison with previous work
The large ensemble used in this study provides perspective
on prior published climate change impact assessments. For
instance, CL07 estimated future runoff using a similar ap-
proach to this study – i.e., BCSD downscaling of GCM out-
puts and VIC model hydrologic simulation – but used only
22 climate projections, which were taken from 11 GCMs
forced with the B1 and A2 emissions pathways. The cor-
relation of projected change results for individual GCMs in
CL07 and this study is high, approximately 96%, due to the
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Fig. 10. Time evolution of projected 30-yr averages (trailing) of temperature upstream of Lees Ferry, AZ. Projections are color-coded by
emissions pathway (see bottom right panel), with the exception of two runs that are highlighted for the NCAR PCM1 model (see text).
similarity of methods, even though CL07 reported impacts
on streamﬂow at a different location (Imperial Dam versus
Lees Ferry).
In Fig. 11, we illustrate the difference in projected change
for Lees Ferry streamﬂow between the CL07 “subset” and
the larger ensemble by highlighting the results from this
study for the GCM runs that were also included in CL07. For
the 30-yr periods ending in 2069 and 2099, the difference is
minimal: the CL07 subset represents the range and central
tendency of the larger distribution. For the 30-yr period end-
ing in 2039, however, the CL07 projections produce a wetter
estimate of the mean and the inter-quartile range of projected
impacts.Whiletheselectedprojectionsreproducetheensem-
ble mean for 2069 and 2099, their distribution is uneven,
e.g., the projections selected for 2099 are heavily weighted
in the inter-quartile range, and this streamﬂow bias can prop-
agate bias into sectoral impact studies, e.g., water manage-
ment modeling. Figure 8 illustrates that projected changes
based only on one GCM (such as the NCAR PCM1 used in
C04andrelatedstudies)wouldimposeevengreatersampling
error onto ﬁndings, relative to a much larger projection en-
semble. CL07 did not report enough information to evaluate
the signiﬁcance of their reported mean changes in ﬂow, so
we evaluated the CL07 GCM-emissions pathway combina-
tions ensemble using a matching sample of projections from
this study (with the exception of one run). In contrast to the
projected ensemble mean changes based on the 112-member
ensemble, and using the two-sample, unequal variance t-tests
(as before), only the CL07 A2 2099 and B1 2069 ensemble
mean changes were signiﬁcant at p=0.05.
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Fig. 11. Distributions of projected changes in 30-yr averages (trail-
ing) of annual streamﬂow from GCMs included in CL07, compared
to the distribution for all CMIP3 projections in the LLNL archive
(present study).
Inanotherstudy,Milly,etal.(2005)reportedareductionin
runoff in the Upper Colorado River Basin in 23 of 24 pairs of
model runs (96%), with an ensemble median runoff decrease
of between 10 and 25% by 2060, as shown in Fig. 12 (Back-
lund et al., 2008; Milly et al., 2005). Seager et al. (2007)
and Seager and Vecchi (2010) also suggest a broad consensus
among climate models that changes in atmospheric circula-
tion will lead to additional drying in the American Southwest
region that includes the Colorado River Basin, with conse-
quent impacts on water resources. In contrast, our study sug-
gests less certainty about the water resources consequences,
in that, depending on the time frame, from about one-fourth
to about one-third of the available climate projections lead
to no change or to an increase in streamﬂow at Lees Ferry
(just above the outlet of the Upper Colorado River Basin.)
CL07 also shows a higher likelihood of wetter conditions
than were suggested by any of the three large-scale studies
that were based directly on analysis of GCM outputs. The
different ﬁndings likely do not stem entirely from the BCSD
wetteningeffectsnotedearlier,becausethateffectisnotlarge
enough, but are also the result of different scale and runoff
process representations between the large-scale studies ver-
sus the current study and others such as C04 and CL07. The
statistical downscaling and hydrologic modeling studies in-
clude a far more explicit treatment of the spatial and sea-
sonal heterogeneity in runoff generation in this study (Back-
lund et al., 2008; CL07), which leads to a stronger and more
realistic weighting of climate changes in the mountainous
runoff generation areas on the basin’s northern and eastern
boundaries, and during winter, when runoff-producing snow-
pack accumulates. This view supports the ﬁnding of Wilby
and Harris (2006) that, in climate change impact analyses,
the downscaling process and hydrology model structure and
scale are the second and third largest sources of uncertainty,
respectively.
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Fig. 12. Median changes in runoff interpolated to USGS water re-
sources regions from Milly et al. (2005) from 24 pairs of GCM sim-
ulations for 2041–2060 relative to 1901–1970. Percentages are frac-
tion of 24 runs for which differences had same sign as the 24-run
median.Resultsre-plottedfromMillyetal.(2005)byP.C.D.Milly,
USGS. From Backlund et al. (2008).
4 Discussion and conclusions
This study presented and dissected results of an impact as-
sessment of projected climate change on streamﬂows in the
Upper Colorado River Basin. The assessment applied high-
resolution hydrology modeling to the broadest range of cli-
mate projections used for any hydrology or water resources
impact study published for the region to date. The objective
of the analysis was to provide insight for water resources
managers into the substantial uncertainty inherent in GCM-
based impact studies.
The impact assessment ﬁndings generally agree with the
earlier work that used similar methods with smaller GCM
ensembles (e.g., CL07 and C04). For example, a largely
temperature-driven shift to earlier runoff is a robust projec-
tion in this snowmelt system. Such a timing shift will reduce
water availability for agriculture and other economic uses of
water where those uses do not have access to sufﬁcient reser-
voir regulation, and will also affect ecological conditions.
This assessment of future Colorado River runoff changes,
however, is more equivocal than earlier large-scale studies
(based on analysis of runoff or moisture transport in GCM
outputs), or the often-cited central tendency of CL07: even
adjusting for the possible effect of the BCSD “wettening,”
approximately 20% of climate projections lead to estimates
of future conditions by 2069 where average annual ﬂows in
the UCRB are unchanged or increase. The contrasting ﬁnd-
ing arises from this study’s more comprehensive accounting
of the spatial and temperature variability in key hydrologic
processes that are driven by downscaled climate changes.
We also conﬁrm that precipitation projection uncertainty
overwhelms temperature uncertainty in inﬂuencing future
streamﬂow uncertainty, and that, all things being equal,
temperature increases are correlated with streamﬂow reduc-
tions in the Colorado River Basin. Because precipitation
change consequences are so large, the effect of “wettening”
(Reclamation, 2010) or other potential downscaling artifacts
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(however small) warrant investigation, and not least because
BCSD downscaled projections such as those of this study
have been widely used for impact assessment in the water
resources ﬁeld. In the meantime, impact assessments based
on the BCSD downscaled projections should recognize this
potential bias.
The streamﬂow projection uncertainty analysis found that
the effect of different emissions pathways (i.e., B1 or A2)
and future period (e.g., 2010–2039) on projected streamﬂow
changes was small relative to the effect of GCM and GCM
ensemble member choice, even by the end of the 21st cen-
tury. In general, we conﬁrm the assertion of Wilby and Har-
ris (2006) that the uncertainties in GCM climate sensitivi-
ties have a substantially larger effect on streamﬂow projec-
tion than emission uncertainty. This future climate uncer-
tainty has a spatial component that is particularly relevant
in the Colorado River Basin because most of the ﬂow in the
basin originates in small regions of high, mountainous ter-
rain that are on the northern border of the region (Recla-
mation, 2011b; Seager and Vecchi, 2010; C04). Depending
on the climate projection, these regions may lie beneath an
intensifying future winter Paciﬁc storm track, or they may
not – which translates directly into future streamﬂow uncer-
tainty that varies not only in magnitude but also in direc-
tion (e.g., including a range of streamﬂow outcomes from
increases to decreases of 30% by mid-century). Reducing
the spatial component of climate change uncertainty may re-
quire higher resolution climate models that better represent
the mountainous terrain within the basin, but the simulation
of other fundamental climate system phenomena must also
advance. For example, climate teleconnections inﬂuence the
transport of moisture to those high-runoff regions, yet the cli-
mate of the tropical Paciﬁc that drives those teleconnections
is not well simulated by the current generation of climate
models (Seager and Vecchi, 2010).
Future precipitation (hence streamﬂow uncertainty) also
has a temporal component. GCMs differ substantially as to
streamﬂow trend amplitude, direction and particularly the
phasingoflow-frequency(decadal)variability.Theprojected
trajectories of streamﬂow show that this unforced variabil-
ity can be the largest source of uncertainty at certain future
time periods. The low frequency temporal variability also
means that, for any given projection, the estimated change in
streamﬂow between one period (say, “the present”) and an-
other (e.g., 2040–2069) is dominated by a random or chaotic
component. This variability may reﬂect imperfections in our
state of knowledge about climate system sensitivity and/or
the chaotic behavior of the weather and climate system.
Regardless of the cause, it means that sampling error is a
real danger when interpreting change signals taken from a
smallnumbersofprojectionanalyses.FortheColoradoRiver
Basin and other river systems, selecting a priori a subset of
projections without a strong physically based rationale can
introduce considerable bias in an impact assessment. Stud-
ies based on a small sample of projections can reduce risk
of improperly characterizing noise as signal by assessing the
signiﬁcance of projected change results, but such studies will
nonetheless tend to underestimate the range of possible fu-
ture conditions.
Projection uncertainty engenders considerable disagree-
ment about how to apply climate projections to impact as-
sessment. Some research suggests that the range of impact
estimates based on a large ensemble of projections is a mini-
mum bound and is practically irreducible, at least in the fore-
seeable future (Stainforth et al., 2007; Wilby, 2010). If so,
impact assessments must evaluate what some have termed an
“ensemble of opportunity” – i.e., an ensemble of all avail-
able projections (which we term simply a “large” ensemble’)
– from which it may be possible to develop probabilistic esti-
mates of impacts (Tebaldi and Knutti, 2007) and a skillful en-
semble mean (Gleckler et al., 2008). This approach envisions
an end-to-end evaluation of the full ensemble in sectoral ap-
plications. Statistical approaches offer a path for downscal-
ing a large ensemble cheaply, but statistical downscaling is
not an ideal solution for many applications – for instance, it
is difﬁcult to implement in multi-variate contexts and raises
obvious concerns due to the use of stationary relationships
between GCM and observed climatologies. And even impact
assessments based on statistical downscaling may assess a
small projection ensemble to simplify follow-on modeling
efforts (e.g., for hydrological, ecological, or water resources
impacts).
Small projection ensemble experiments (using one to sev-
eral GCM runs or limited GCM projection ensemble mem-
bers) are ubiquitous in downscaling studies based on meso-
or ﬁner scale regional climate models (RCMs). In light of
the uncertainties described in the previous section, one can-
not but question the application of small projection samples
toinform(atleastostensibly)stakeholderplanningdecisions.
Stakeholders in application sectors such as agriculture, wine-
making, skiing, and ecological assessment are understand-
ably attracted to a few attributes of dynamical downscal-
ing – e.g., high spatial-resolution and multi-variate scenario
outputs, and their accounting for small-scale climate feed-
backs. Because the ﬁne-scale results reﬂect large-scale pro-
jection forcing, however, there is still a need to assess the
signiﬁcance of these results in the context of broader cli-
mate projection uncertainty. Meso-scale models have unde-
niable value both in applications (such as numerical weather
prediction) and research (such as climate and weather sys-
tem diagnosis). Sensitivity analysis may currently be the
most appropriate paradigm for dynamical downscaling use
in stakeholder-focused climate change impact assessments
(rather than serving as “the downscaling tool” in a small-
sample end-to-end assessments). Ultimately, whether the an-
alytical approaches used involve dynamical or statistical
downscaling, reconciling the implications of projection un-
certainty with the stakeholder needs for detailed information
remains a fundamental and pressing challenge.
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What are individual planning groups to do when the cost
of evaluating a large ensemble exceeds available resources?
Two possibilities are the following. The ﬁrst is for an ex-
ternal, centralized group – perhaps a national laboratory or
agency – to do the work via an efﬁcient, continental-scale
project: that is, to develop downscaled datasets based on a
comprehensive ensemble of available projections, running
sufﬁcient process models to produce meteorological, hydro-
logical,ecologicalandothervariablesofinterestforplanning
purposes at appropriate time and space scales. Planners could
access this large ensemble to deﬁne speciﬁc impact scenar-
ios or use the full ensemble to characterize probabilistic risk.
An example of this type of centralized effort is the hydro-
logic outputs from Reclamation’s regional water supply as-
sessment (Reclamation, 2011c), leveraging the data platform
of Maurer et al. (2007a) at http://gdo-dcp.ucllnl.org/. Though
costly, such a database would likely require less total invest-
ment than many independent evaluations for particular lo-
cales, and far less than the consequences of poorly informed
planning decisions. A second approach is to mimic the infor-
mation in the large ensemble using a subset ensemble for de-
tailed process study, while attempting to design the smaller
ensemble to represent the signal and uncertainty of the full
ensemble. This “scenario” approach is popular with water
utilities, but contains challenges such as the need to select or
create scenarios that represent signals and uncertainty con-
sistently from one time period or variable or region to the
next. Reclamation, for example, reduced the 112 projections
in the CMIP3 archive to 5 representative scenarios for a spe-
ciﬁc future period (Reclamation, 2010).
Impact assessment effort may also be reduced by culling
the large ensemble of projections of GCMs deemed to pro-
duce poor simulations of observed climate. Indeed, it is rea-
sonable to ask whether models such as INMCM3 0 and
MIUB ECHO G have differences in quality in the region of
interest, given their far different results for streamﬂow im-
pacts. Culling, model selection and/or weighting have been
explored (e.g., Tebaldi et al., 2004; Pierce et al., 2009; San-
ter et al., 2009; Brekke et al., 2008) but without yielding
a strong consensus that would motivate standardized ap-
proaches for practical application. Due to uncertainty such
as low-frequency variability and the difﬁculty of measuring
model quality, culling or weighting may not reduce the pro-
jection range for variables such as precipitation. For impact
assessment, the best strategy given the current suite of GCMs
may be to cull the GCM pool stringently using some notion
of “a good GCM,” and then to require from each included
GCM an ensemble of sufﬁcient members to extract signal
from noise. Knowledgeable culling is another aspect of im-
pact assessment that likely exceeds the resources of individ-
ual utilities (and indeed many researchers); thus this strategy
alsoarguesforacentralizedeffortthatcouldprovidenotonly
downscaled projection data but also insight into their ﬁtness
for different regional applications. Further research in this
area is clearly needed.
Most water sector planning decisions cannot address the
range of hydrologic outcomes from the large projection en-
sembles without regrets; thus water planning efforts have re-
peatedly identiﬁed reducing future streamﬂow uncertainty as
a critical need (e.g., Barsugli et al., 2009). Until the projec-
tion uncertainty can be reduced and better understood, long-
term planning decisions will continue to rely heavily on the
subjective perceptions and risk appetites of water resources
managers, and their stakeholders, investors and ﬁnancers.
Appendix A
Creating historical and projected meteorological forcings
This section gives additional detail on the creation of the
downscaled climate forcings used as hydrological model in-
puts. The 112 monthly time step projections were disaggre-
gated to a daily time step by a resampling approach similar
to that used in the original W02-04 studies, but differing in
someregards,followingtheMaurer(2007b)implementation.
The steps and the differences are as follows.
1. Daily time step patterns for precipitation and tempera-
ture are selected by month from past historical months,
using the same month selection sequences for both pre-
cipitation and temperature as in W02. Also in keeping
with W02, the same month-year daily pattern selection
was applied to all ﬁne resolution grid cells in a hydro-
logic domain (in this case, a river basin such as the Col-
orado River Basin) to preserve the spatial coherence of
the daily patterns across domains that, when used for
hydrologic analysis, would require a realistic degree of
spatial synchronization.
2. The month selection is conditioned using a “4-square
approach” that randomly selects a historical month from
one of four climate-type bins – dry-cool, dry-warm,
wet-cool, wet-warm – depending on the bin into which
the climate model variable anomalies fell. For exam-
ple, daily patterns applied to monthly wet-warm cli-
mate model anomalies were selected from month-year
combinations (e.g., January 1982) which were wet and
warm in the observed climatology. The observed cli-
matology is deﬁned for the years 1950–1999, based
on Maurer et al. (2002) forcings. In the original W02-
04 approach, only two climate-type bins (wet and dry)
were used.
3. The month-long daily patterns of precipitation and tem-
perature minima and maxima (Tmin and Tmax, respec-
tively) are then scaled (in the case of precipitation) or
shifted (in the case of temperature) so that their monthly
aggregations equate to the bias-corrected, downscaled
1/8-th degree monthly values, again as in W02, where
more detail is given.
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Fig. A1. River basin delineations used in archiving the forcing
datasets. Regions include: 1 – Northwest and Columbia; 2 – Cal-
ifornia; 3 – Great Basin; 4 – Colorado River; 5 – Rio Grande; 6 –
Missouri River; 7 – Arkansas-Red; 8 – South Central (Gulf); 9 –
Great Lakes Drainage; 10 – Upper Mississippi; 11 – Lower Missis-
sippi; 12 – Ohio; 13 – North East; 14 – South East; 15 – Eastern
Canada; 16 – Western Canada; 17 – Mexico.
4. In climatologically dry locations and times of year, the
resampling approach can result in “pathological” pat-
tern selections, even accounting for monthly scale cli-
mate characteristics (e.g., wet/warm). It is possible to
select a daily pattern that does not include a single day
of precipitation, or contains only one or two, that cannot
be scaled to produce the target monthly values from the
corrected, downscaled climate simulation without gen-
erating unrealistically high values of daily precipitation.
In these cases, which occur for a single grid cell and
a single month, a replacement month-year selection is
made that does not give a pathological result. The draw-
back of the substitution is that it undermines the spatial
pattern preservation at the daily scale and can desyn-
chronize hydrologic responses that are routed downs-
lope in a catchment to produce streamﬂow. For exam-
ple, the substitute month may have rainfall at the end
of the month versus rainfall earlier in the month for the
original selection, across a part of the domain. Viewed
from a continental, hydrologic perspective, such substi-
tutions occur most frequently in dry locations and in dry
seasons, which have less hydrologic signiﬁcance than
wetter situations because they do not generate signiﬁ-
cant runoff.
5. The rules for the sample substitution differ between
the original W02-04 implementation and the adaptation
used for this dataset. The original implementation ap-
plied a minimum monthly total precipitation limit (e.g.,
4mm), and if the selection produced a scalar above
a threshold (e.g., 2, meaning the sample precipitation
would be doubled), the sample had to have no fewer
than a speciﬁed number of wet days (e.g., 6). Dif-
ferent values were applied for the three settings for
different river basins, based on an objective of limiting
substitution frequencies to approximately 5% or lower.
The new implementation did not evaluate wet days per
month, but limited sample selection to months having
greater than 2mm of precipitation and producing scal-
ing factors of less than 35.
Data and code availability: the gridded daily time-series
meteorological datasets are currently housed at the DOE Na-
tional Energy Research Computing Center (NERSC), and are
stored in a binary format used for input by the VIC model.
The datasets and the disaggregation code used for this re-
search (from W02 and Maurer et al., 2007b) can be ob-
tained by contacting Andy Wood (Andy.Wood@noaa.gov).
The forcings have been archived by river basin, as depicted
in Fig. A1, but smaller domains can be requested.
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